Quantifying slip rates and earthquake occurrence of active faults on the Shan Plateau, southeast of the eastern Himalayan syntaxis, is critical to assessing the seismic hazard and understanding the kinematics and geodynamics of this region. Most previous estimates of slip rates are averaged over either many millions of years using offset geological markers or decades using GPS. Well-constrained millennial slip rates of these faults remain sparse and constraints on recurrence rates of damaging earthquakes exist only for a few faults. Here we investigate the millennial slip rate and timing of recent earthquakes on the Jinghong fault, one of the geomorphically most significant sinistral-slip faults on the central Shan Plateau. We map and reconstruct fault offset (18 ± 5 m) of alluvial fan features at Manpa on the central Jinghong fault, using a 0.1 m-resolution digital surface model obtained from an unmanned aerial vehicle survey. We establish a slip rate, ≤2.5 ± 0.7 mm/yr over the past~7000 years, using pit-exposed stratigraphy. This millennial slip rate is consistent with rates averaged over both decadal and million-year timescales. Excavations at three sites near the town of Gelanghe on the northeastern Jinghong fault demonstrate 1) that the last seismic ground-rupture occurred between 482 and 889 cal yr BP, most likely in the narrower window 824-767 cal yr BP, if the lack of large earthquakes in the historical earthquake record is reliable, and 2) that multiple fault ruptures have occurred since~3618 cal yr BP. Combining this finding with a lack of large earthquakes in the~800-year-long Chinese historic record in this region, we suggest an average recurrence interval of seismic ground-ruptures on the order of~1000 years. This recurrence interval is consistent with the slip rate of the Jinghong fault and the size and earthquake frequency on other sinistral faults on the Shan Plateau.
Introduction
A complex strike-slip fault system exists on the Shan Plateau, southeast of the eastern Himalayan syntaxis (EHS), a region that occupies an area of 400 km by 700 km and straddles the boundaries of five countries -China, Laos, Myanmar, Thailand and Vietnam (Fig. 1) . The Red River fault bounds the region on the northeast, and the Sagaing fault bounds it on the west. NE-striking sinistral-slip faults dominate, but numerous generally S-or SE-striking dextral-slip faults are also present. At least some of these faults have experienced complex histories associated with the tectonic evolution of the Indian-Asia collision. In particular, some have experienced reversal of their sense of lateral slip, to accommodate the southeastward extrusion of crustal blocks that bound the Red River fault (Lacassin et al., 1997; Lacassin et al., 1998; Tapponnier et al., 1986; Tapponnier et al., 1982; Tapponnier et al., 2001) .
The region's rich seismic history shows that this fault system poses a serious and complex seismic hazard to its current population of > 10 million (Socioeconomic Data and Applications Center, http://sedac. ciesin.columbia.edu/). At least fifty damaging earthquakes with magnitudes > 6 have occurred in this region in the past 60 years alone (China Earthquake Disaster Prevention Center, 1999; China Earthquake Disaster Prevention Center, 1995; Dziewonski et al., 1981; Ekström et al., 2012) . Recent instrumentally recorded earthquakes include the Wang et al. (2014) . Note that the sinistral-slip faults displace large rivers at many places and numerous major earthquakes have occurred in this region since the 1970s. Recent surface ruptures of the earthquakes and/or their moment magnitudes are derived from Zhang and Liu (1978) , Chen and Wu (1989) , Yu et al. (1991) , Pacheco and Sykes (1992) , Tun et al. (2014) , and Pananont et al. (2017) . 22° N 21°30' N L a n c a n g ( M e k o n g ) L a n c a n g ( M e k o n g ) L a n c a n g ( M e k o n g ) Fig. 2. Jinghong fault traces, locations of our study sites and the drainage system within this region. Note that rivers have been displaced or deflected by the Jinghong, Wan Ha and Mengxing faults up to tens of kilometers. Black arrows show campaign-mode GPS vectors relative to the Sunda plate (ref. Shi et al., 2018) . Site numbers and horizontal rates are shown next to the arrows. (For interpretation of the references to color in this figure legend, the reader is referenced to the web version of this article.)
1976 M~7.4 Longling earthquake along the sinistral Ruili fault zone (Zuo et al., 1996) , the 1988 M w 7.0 Lancang-Gengma earthquake along the dextral Lancang fault (Chen and Wu, 1989) , the 1995 M w 6.8 Menglian earthquake, possibly on a dextral fault to the southwest of the Menglian fault (Ji et al., 2017) , the 2011 M w 6.8 Tarlay earthquake along the Nam Ma fault , the 2014 M w 6.2 Jinggu earthquake (Xu et al., 2014) near the NE end of the Nantinghe fault, and the 2014 M w 6.1 Mae Lao earthquake south of the Mae Chan fault in northern Thailand (Pananont et al., 2017) . Assessing the seismic hazard of these active faults and understanding their kinematics and associated regional geodynamics (England and Molnar, 1997; Holt et al., 2000; Peltzer and Saucier, 1996; Shi et al., 2018) requires quantification of their slip rates and variations of these in both time (Chevalier et al., 2005; Gold and Cowgill, 2011; Lifton et al., 2015; Shi et al., 2014) and space (Chevalier et al., 2016; Farbod et al., 2016; Harkins et al., 2010; Kirby et al., 2007; Zhang et al., 2007) , and their earthquake recurrence intervals. However, well-constrained slip rates and earthquake recurrence behavior of active faults on the Shan Plateau remain sparse.
Here we target the Jinghong fault (Fig. 1) , a sinistral-slip fault in the central Shan Plateau, to determine its millennial slip rate and the timing of recent seismic ground-ruptures. The NE-trending Jinghong fault is 130 km long and shows Quaternary-to-modern activity, as demonstrated by a range of fault offsets (at least 10 1 -10 3 m) and by the occurrence of an M~7 earthquake nearby on Feb 3, 1950 near the China/Myanmar border (China Earthquake Disaster Prevention Center, 1999) (Fig. 2) . The fault left-laterally displaces or deflects several tributaries of the Mekong River, including the Nam Loi River in Myanmar and the Nan Lan River (Daluo River), which forms part of the border between China and Myanmar (Fig. 2) . In this paper, we map fault-displaced geomorphic surfaces near the village of Manpa on the central Jinghong fault (Fig. 2) , by field investigation and a 0.1 m-resolution digital surface elevation model (DSM) generated from an unmanned aerial vehicle (UAV) survey. Using reconstructed fault displacement and radiocarbon chronology, we limit the slip rate. Next, we constrain the time of the last earthquake rupture and bracket multiple events that occurred near the town of Gelanghe on the northeastern section of the Jinghong fault ( . High-resolution remote-sensing data, taken at three different times, used in this study to map fault traces near the Manpa site. Cultural and vegetation differences require multiple generations of images to accurately characterize the subtle geomorphic features along faults. Note, scales differ between images. (For interpretation of the references to color in this figure legend, the reader is referenced to the web version of this article.) paleoseismic excavations at three faulted valleys. Finally, we compare fault slip rates during different timescales, and evaluate the earthquake occurrence behavior based on slip rate, paleoseismic evidence and the historic record.
Existing constraints on fault slip rates and earthquake occurrence
Dividing geomorphic/geological offsets of major rivers, ridges or plutons (Lacassin et al., 1998; Leloup et al., 1993; Replumaz et al., 2001; Schoenbohm et al., 2006; Wang et al., 2014) by an inferred age for the onset of displacement provides estimates of multi-million-yearaveraged slip rates for most faults on the Shan Plateau. Such rates for individual faults range from 1 to 5 mm/yr if they initiated at~5 Ma (Lacassin et al., 1998; Wang et al., 2014) , or 0.5-2.5 mm/yr if they started at~10 Ma . Estimates of millennial slip rates exist only for the Dayingjiang (Chang et al., 2011) , Ruili (Huang et al., 2010) , Wanding (Chang et al., 2012) , Nantinghe (Shi, 2014) and Dien Bien Phu faults (Zuchiewicz et al., 2004) (Fig. 1) . These slip-rate estimates are based largely upon offsets of young alluvial fans and terraces with limited descriptions and low-quality measurements of ages (mainly thermoluminescence and optically stimulated luminescence with a few 14 C) (Chang et al., 2012; Chang et al., 2011; Huang et al., 2010; Shi, 2014; Zuchiewicz et al., 2004) . GPS velocities relative to the Sunda block across the entire sinistral-slip fault system ( Fig. 1 ) sum to a total slip rate of~12 mm/yr on the decadal timescale, consistent with the total long-term rate if the faults initiated at~10 Ma . Individual geodetic rates for the Nantinghe and Lancang faults were also estimated to be~4 mm/yr and~2 mm/yr, respectively, based on the first-order block modeling from the sparse geodetic network in southern China (Shen et al., 2005; Wang et al., 2008) . Wang et al. (2014) calculated a maximum slip rate of~2 mm/yr, for the Jinghong fault. This calculation is based on 1) the largest geomorphic displacement (~11 km) that they could find, of the Nan Lan (Daluo) River (Fig. 2) , and the edge of a Paleozoic granite pluton of similar displacement and, 2) the assumption that fault initiated no later than 5 Ma. Shi et al. (2018) inferred that sinistral-slip faulting started much earlier, close to~10 Ma, resulting in a long-term rate of~1 mm/ yr. This is consistent with the geodetic slip rate of < 2.4 mm/yr inferred from two GPS sites that are also close to adjacent faults ( Fig. 2 in this paper, and Fig. 4 in Shi et al. (2018) ).
Paleoseismologic studies exist for few faults in this region, and those that exist are not well documented. He et al. (2014) show that the northeastern Ruili fault had an earthquake before 1150 ± 30 cal yr BP. Four earthquakes likely occurred on the central Menglian fault since 12,970 cal yr BP (He et al., 2015) . At least five earthquakes have occurred along the northeastern Nantinghe fault since the Late Pleistocene, with the last occurring in the range 630-515 cal yr BP (Sun et al., 2017) . The central Mae Chan fault in southern Shan Plateau had one earthquake ca. 500 CE, likely centered at a site 20 km east of Mae Chan (Penth, 2006) , and at least 2 earthquakes in the last 9000 years (Weldon et al., 2016) , both suggesting an average earthquake recurrence of > 1500 years. The central Dien Bien Phu fault in northern Laos is inferred to have had earthquakes approximately every 1000 years since 3000 cal yr BP (Nualkhao et al., 2016) . The timing of paleoearthquakes on many other faults on the Shan Plateau, including the Jinghong fault, remains unknown. X. Shi et al. Tectonophysics 734-735 (2018) 148-166 Fig. 7. Stratigraphic logs of the three pits (see locations in Fig. 6a ) for correlating the geomorphic/sedimentary units and constraining the timing of the fault offsets. All three pits exposed overbank and aggradational deposits (Units 2-4), that generally young to the east towards the stream channel, and postdate the offset geomorphic features. Unit 1 may represent upper surface of the lower fan or coarser overbank deposits. Apparently, flood in the upstream portion of the stream came through the current gap and deposited young material on all 3 surfaces, so oldest date only limits the offset. The red numbers show ages in cal yr BP. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
X. Shi et al. Tectonophysics 734-735 (2018) 148-166 
Tectonic geomorphology of the Jinghong fault
We combine field investigation and several high-resolution remotesensing datasets to map active fault traces and fault-related geomorphology along the fault (Figs. 3-5 ). Remote-sensing datasets include 4-m-resolution declassified CORONA (taken in the 1970s) and 0.5-m-resolution GeoEye-2 (taken in 2000) satellite images, 30-m-resolution digital elevation models from Shuttle Radar Topography Mission data (collected in 2000) and 5-m-resolution AW3D DSM (Tadono et al., 2015) produced from Advanced Land Observing Satellite (ALOS, launched after 2006). Of these datasets, the AW3D 5-m DSMs are mainly used because they contain the highest-resolution topography. However, using multiple datasets from different time periods allows us to distinguish artificial from natural features during the fault mapping (e.g., Hollingsworth et al., 2012) , since human modification in this tropical region has been intense.
Our mapping shows that the fault is characterized by multiple traces in Myanmar, whereas the fault appears to be more integrated in China, east of the border. The western and eastern ends of the fault, near Keng Tung in Myanmar and the city of Jinghong in China, respectively, terminate in orthogonal, normal-fault-bounded transtensional basins (Fig. 2) . Basins of less certain structural origin also occur in the central part of the fault, including the Menghun and Daluo basins (Fig. 2) . The Daluo basin is characterized by alluvial fans, sourced mainly from the Nan Lan River drainage (Fig. 2) .
Detailed mapping near the Daluo basin and the town of Gelanghe in the northeast portion of the Jinghong fault shows prominent strike-slip fault features (Figs. 3 and 4) . Topographic lineaments on both the northeastern and southwestern margins of the Daluo basin indicate that it may have formed in a series of en echelon fault steps, but the current single, active, fault trace goes through and displaces alluvial fans near the village of Manpa (Fig. 3) . We observe many fault-related geomorphic features west of the town of Gelanghe, including many distinctive shutter ridges (e.g., Laoduan, Nangan) that are part of fault bend/step pairs, displaced streams/alluvial fans (e.g., Nange)/hills (e.g., Yumu)/ridges (Fig. 4) , and linear valleys along the fault which we target for paleoseismic excavations. 
Geomorphic mapping and fault offset
We chose displaced alluvial fans near the village of Manpa (Fig. 2 ) to constrain the Jinghong fault's slip rate. Because the study site is only 100s-of-meters-wide and the topographic relief is < 50 m, our most precise remotely generated digital topography, the AW3D 5-m DSM, is insufficient for reconstructing the fault displacement. Therefore, we conducted a UAV survey and generated a high-resolution (nominal resolution -0.1 m) DSM to identify and analyze the detailed geomorphic features across the fault. Although we removed as much vegetation as possible using the point cloud classification algorithm in the Agisoft Photoscan Pro software, the final DSM (Fig. 5a ) still contains abundant artifacts, due to the dense and often tall vegetation (e.g., bamboo and banana trees) in this tropical region. The spotty dense groves, however, do not prevent us from recognizing the ground surface and geomorphic features, using the lowest point data from the UAVbased DSM.
The fault passes straight through the Manpa site, creating a small upstream, north-facing fault scarp (Fig. 6) . The uphill-facing scarp across the alluvial fan deflected two south-flowing channels to the west Fig. 5b ) was developed on the west and is characterized by massive, poorly-sorted and angular gravel. The toe of the alluvial fan is incised by a modern river (yellowshading in Fig. 5b ), leading to deposition of fluvial sediments along the fault. To the east, we observe two generations of alluvial fans, including a larger, older unit (Fan 1 in Fig. 5b ) and a younger inset unit (Fan 2 in Fig. 5b ). The contact between these two fans on the north side of the fault coincides with a 2-4 m high riser along the modern channel bank. On the south side of the fault, the contact is expressed as a small riser with topographic relief of~1 m (Fig. 6c) . The contact between the old and young fans has been offset by the fault, thus serving as a piercing line to measure the fault offset. The fault also offsets the western edge of the older fan (Fan 1 in Fig. 5b ), but because the edge is obscured by the fluvial incision between Fans 0 and 1, the offset cannot be measured precisely.
The horizontal offset of the old/young fan contact is 18 ± 5 m (Fig. 5b, c) . The uncertainty results from the position and actual shape of the contact near and south of the fault where subsequent flow through the gap, human modification and the subtle topography obscure the marker. We also measure the vertical fault displacement at this site from minimum elevations along 5-m-wide contour-normal swaths or stream profiles. The contour-normal elevation swaths across the old fan show~3 m of vertical separation (Fig. 6c) , similar to offset of the stream profiles north and south of the fault/stream intersection (Fig. 6b) . This observation suggests that the alluvial fans and the stream within it downstream of the fault developed at essentially the same time before most or all of the~18-m offset.
Stratigraphic correlation and chronology
We excavated three pits (see locations in Fig. 6a ) near the western contact between the old and young fan surfaces in an attempt to pin down the location of the old/young fan contact just south of the fault scarp, and to provide the timing of the fault offsets. Pit 1 (P1 in Fig. 6a ) is~0.5 m west of contact, that is reflected by a change in the subtle topography; Pit 2 (P2 in Fig. 6a ) is immediately south of the fault and 1 m east of the contact; and Pit 3 (P3 in Fig. 6a ) is close to the stream to the east. The choice of locations for these pits was limited by land-use permission and the distribution of dense vegetation and fields; thus, we could not excavate pits north of the fault scarp or farther from the fault to the south.
Pit 1 on the west shows massive, dark-colored sediments (Fig. 7a) , with a mixture of coarse sand and sub-angular pebble gravel overlain by grey or brownish massive medium-coarse-sized sand near the surface. In contrast, Pits 2 and 3 to the east show sediments that can be easily correlated, including rounded cobble/boulder gravel at their bases, which were overlain by lighter-colored channel sand of variable sizes ( Fig. 7b and c) . The stratigraphy and radiocarbon chronology ( Fig. 7 and Table 1 ) reflect 4 packages of relatively fine sediments (units 2-5, Fig. 7 ) that interfinger between the 3 pits and overly the coarse alluvial deposits exposed at the base of Pits 2 and 3 (unit 1, Fig. 7 ) that likely form the fan surfaces. Thus, the oldest sample in the pits, 7250-7025 cal yr BP, provides a lower age limit for both fans.
Fault slip rate
Our estimate of the horizontal fault offset at the Manpa site is inferred to be an upper bound for several reasons. First, the old/young fan contact may not be linear; if it deflects westward south of the fault (Fig. 8) , the offset would be less than the 18 m measured above. This could well be the case if the young fan was deposited against an already-offset older fan (i.e. the young fan developed before complete removal of the previous offset across the contact). In this case, the original shape of the contact could include an S-shaped curve. In addition, the oldest sediment we date (7250-7025 cal yr BP) almost certainly postdates the 18 ± 5 m offset (Fig. 8) . Dividing this age into the upper bound offset of 18 ± 5 m yields an upper limit on the fault slip rate of 2.5 ± 0.7 mm/yr for the central Jinghong fault.
Timing of seismic ground-ruptures on the northeastern Jinghong fault
To investigate the earthquake recurrence, we targeted three sites near the town of Gelanghe (Figs. 2 and 4) along the northeastern Jinghong fault. Several shutter ridges bounding narrow valleys along the fault provide the potential to trap rapid sedimentation and preserve paleo-earthquakes.
Laoduan trench
Field and AW3D 5-m DSM mapping near the village of Laoduan reveals an active, nearly E-striking trace that goes through the narrow valley immediately south of the village and several other apparently inactive traces. We excavated a~6 m-long,~2.5 m-deep trench perpendicular to the E-striking fault trace (Fig. 9 ). The upper~1 m was also exposed in a~20 m-long drainage ditch that looped around the main trench to capture and divert shallow groundwater. We cleaned both walls that show the same units and fault relationships. We gridded and logged the east wall of the trench (Fig. 10) .
We observe 14 sedimentary units (Fig. 10 ) from this trench that can be classified into 3 main groups. The group at the top includes a 30-to 40-cm-thick layer of black organic pre-agricultural soil (Unit C) that is loaded by brownish anthropogenic debris off the road composing Units A and B. Units D to F form the second group that consists of yellow, massive coarse sand and/or greyish silt. All three units show topographic relief at their bottoms and we interpret them as channel deposit. Below are the third group characterized by displaced, tabular layers of alluvial sand, silt or clay in Units G to N, of which Unit J is a very distinctive bluish coarse sand mixed with clay that permits confident correlation across the fault.
The fault displaces sediments up through at least Unit H, and is certainly capped by channel sediments in Unit E and above (Fig. 10) . The channel erosion into Units G and H forms an unconformity above these two units and is overlain by Units E and F. This erosion removes key stratigraphic and structural relationships at the upward termination of the faulting. Therefore, the relationship between the fault and Units F and G is uncertain. Units H-M show changes in bed thicknesses across the fault, suggesting that strike-slip is the dominant mode of slip. The facies mismatch of Units H through M across the fault is greater than that across the~1 m-wide trench, suggesting multi-meter horizontal offset across this trench. An additional fracture south of the main fault zone (Fig. 10 ) extends up at least through Unit L. Based on a similar down-to-the-north deflection of Units J and K, it is likely that this fracture is caused by the same event as that on the main trace; but it is possible that an additional rupture occurred between Units L and K, and Units J and K thicken to fill the depression caused by the rupture.
Charcoal samples show that the ages of the channel sediments in Units D and E, which overlie the fault, are~265-25 and 286-37 cal yr BP, respectively ( Fig. 10 and Table 1 , ages are shown as 95.4% probability). The age of Unit I, which is immediately overlain by the Fig. 12 . The stratigraphic logs for the upper and lower parts of the east wall of the Nangan trench east of Yumu hill. A bench is built because small streams exist on both ends of the trench and the sediments are soft, which make a 3-m deep trench very unstable. A sharp truncation of fluvial facies appeared to be faulted but the position below a channel margin requires caution in this interpretation. Red numbers show ages in cal yr BP. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) youngest unit that has been displaced by the fault (Unit H), is 1050-924 cal yr BP. Two overlapping ages are obtained from Unit K, 1177-983 and 1050-918 cal yr BP, one from each side of the fault. The oldest unit in this trench that has been displaced by the fault, Unit N is 1174-979 cal yr BP. Clearly at least one surface-deforming seismic rupture occurred between the deposition of Units H and E (Fig. 10) , that is, in the past 1050 cal yr BP (inferred from age of Unit J).
Nangan trench
Our field work and AW3D 5-m DSM mapping of active fault features, including scarps near the village of Nangan, show a single active fault trace that passes south of the Nangan shutter ridge and displaces Yumu hill and its adjacent stream (Fig. 11) . We excavated a~14-mlong and~3-m-deep trench (Fig. 12) Note the red flags were initial field interpretation of faulting. We later decided that only the lower section along Units P, N and L might be faulted. Unit K is interpreted to have an onlapping relationship with an escarpment made by unit M. Small black dashes indicate sedimentary fabric, and red dashes indicate cross cutting fabric that may be related to deformation. This supports the possibility that this was a fault contact subsequently modified by a channel associated with Units K to H. Blue and red numbers show 14 C sample numbers and calibrated ages in cal yr BP. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
on the narrowest part of the fault-controlled valley near the outlet east of Yumu hill (Fig. 11) . We observe 16 sedimentary units (Fig. 12 ) that can also be classified into 3 main groups, much like the Laoduan site. The stratigraphically highest group consists of the nearly horizontal sediments of Units A through F, which are sand, silt, clay and organic-rich peaty layers that we interpret as broad channel fill associated with the modern agriculturally modified valley. Units G to K form the second group and are characterized by channel-shaped bottoms and internal lenses of channel sand and organic peaty material. The third group, Units M through P, are more tabular but poorly consolidated and contain broader channels and lenses of sediments. Their contacts appear to show consistent upward deflections with similar wavelength of several meters, against the generally north-dipping channel units. Importantly, Unit M shows a steep north-dipping contact with Units I to K and, Unit N depositionally overlies Unit O, but is steeply truncated by Unit L.
A close-up view of the steeply dipping contact zone between Units I-L and Units M-O (Fig. 13 ) reveals a nearly vertical fabric in Units L, M-P. This vertical fabric may be the result of shearing during a fault rupture, in which case the sharp contact bounding the bluish pebble/ sand in Unit N (Fig. 13) might be a fault. In this case, Units L, N, P and possibly M are faulted and capped by Unit K and higher; therefore, the last seismic ground-rupture is between 977 (age of Unit P) and 482 (age of Unit K) cal yr BP (Fig. 13, Table 1 ).
However, the apparent upward deflection of Units M-P and fabric in M may result from surface-deforming folding of these sediment layers. If this is true, then the last seismic ground-rupture may postdate Unit M and predate Unit K, that is between 767 and 482 cal yr BP (Fig. 12,  Table 1 ).
Mannonglang trench
Geomorphic mapping of the area near the village of Mannonglang, based on our fieldwork and AW3D 5-m DSM of the Nange area, shows that the NE-striking fault trace goes through a narrow valley south of the Nange alluvial fan and the village of Mannonglang (Fig. 14) . The fault displaces several geomorphic features, including the western edge of the Nange fan, a south-trending ridge that potentially connects to the hill where Mannonglang resides and the streams on both eastern and western sides of the village. We also observe several very young-appearing fault scarps along the fault trace. A pull-apart depression forms at the step of two ENE-striking fault branches to the south of the southeastern corner of the Nange fan (Fig. 14) . We excavated a~23 mlong,~3 m-deep trench (Fig. 15) that is perpendicular to the fault trace in the depression, where we anticipated rapid sedimentation.
We observe 26 sedimentary units (Fig. 15 ) from this trench and classify them into 4 groups. The first group consists of horizontal Units A to D, which contain sand, silt and black organic peaty layers. We Fig. 14 . Topography of the excavation site near the village of Mannonglang and Nange fan (regional location in Fig. 4) . Contours are generated from the AW3D DSM. The site sits in a depression parallel to the fault at a trantensional bend or possibly older left step. Due to location of road we could not excavate the northern boundary of the structural depression. Black numbers show contour elevations in meters. (For interpretation of the references to color in this figure legend, the reader is referenced to the web version of this article.)
interpret Units B to D as pre-agricultural sediments, similar to the top group of sediments in Nangan trench (Fig. 12) . Units E to I comprise the second group of sediments that dip gently north, north of meter 12. Unit J, an organic-rich set of channels, forms the third group that thickens dramatically to the north, and includes three subunits of dark/greyish medium sand (J a ), peaty clay (J b ) and clayee silt (J c ) (Fig. 15d) . The fourth group consists of tilted, folded and possibly faulted sediment layers, Units K to Z. These units are better layered and indurate, and consist of variable-sized sand, locally with spots of peat ( Fig. 15b and  c ).
There appears to be progressively less folding deformation from Unit Z to F, and possibly to E if it has been eroded. The units below J, are more folded and tilted, with two possible offsets across Units P to R (Fig. 15b) , suggesting recent faulting in these units. A clear unconformity occurs at the base of Unit J, especially obvious from meter 0-12 (Fig. 15b) . In the small exposure (Fig. 15d) , we see a thicker Unit J that appears to be growth strata, perhaps associated with or younger than the major folding of units below. Units J up to F appear to be subsequently folded into a gentle anticline with its hinge near meter 12 (Fig. 15a) . Unit E may also be folded if its top has been eroded.
We interpret that multiple folding events occurred after deposition of Unit K in this trench. The structural relief of the tilted/folded beds from Unit K to Z is at least 3 m (Fig. 15b) , because we did not see the southern boundary of the tilted beds. Typically, vertical deformation in pull-aparts of strike-slip faults is 1/4 to 1/9 the lateral slip (e.g., Haeussler et al., 2004; Mouslopoulou et al., 2007; Scharer et al., 2017) , suggesting that 12 to 27 m of slip could be associated with this amount of folding. If maximum coseismic slip underfoot is 5-7 m for M w 7.5 strike-slip earthquakes (e.g., Wells and Coppersmith, 1994; Wesnousky, 2008) , then multiple earthquakes of this size would be required to generate the tilting. The last surface-deforming earthquake rupture is inferred to have occurred after deposition of the possibly folded Unit F, or even Unit E if its top has been eroded, and before deposition of the flat Unit D, but could be as old as Unit J if the upper beds are not tilted.
We obtained 14 radiocarbon ages (Fig. 15 and Table 2 ) from charcoal and peat samples up to Unit D, the flat layer with no deformation (Fig. 15) . Unit D has an age of 669-316 cal yr BP; Units E to I were deposited between 967 and 695 cal yr BP. The ages of Units J and K are 1894-1065 and 3376-3862 cal yr BP, respectively; two replicate samples of Unit O constrain its age of 5444-4418 cal yr BP. Four samples (Fig. 15 and Table 2 ) from Units I and N that show ages inconsistent with stratigraphic order are excluded. We further used the OxCal program (Ramsey, 2008 (Ramsey, , 2009 (Ramsey, , 2017 Reimer et al., 2013) to better constrain the sediment and possible earthquake ages (Table 2 ). These OxCal-based ages together with our stratigraphic observation and interpretation, suggest that multiple surface-deforming seismic ruptures occurred since 3618 cal yr BP (inferred from ages of Unit J); if the apparent surface folding above Unit J is seismogenic, not reflecting aseismic creeping, then the last earthquake rupture occurred during 889-697 cal yr BP, if Unit E is not folded, or during 785-407 cal yr BP (Table 2) , if Unit E is folded by seismic rupture.
Discussion on earthquake recurrence and slip rate
Excavations at three sites near Gelanghe allow us to place some 
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GLH-24B: Given that these three sites are only~2-5 km apart (Fig. 4) , it is very likely the last ground rupture on the NE section of the Jinghong fault occurred between 482 and 889 cal yr BP. At the Mannonglang site, multiple ruptures almost certainly occurred in the past~3618 cal yr BP. Moreover, the region through which the Jinghong fault traverses has a written history of almost 800 years (reported to begin in 1180 CE), and that record is devoid of records of large historic earthquakes (China Earthquake Disaster Prevention Center, 1999; China Earthquake Disaster Prevention Center, 1995; Yunnan Earthquake Administration, 1988) . Further modeling of the ages using stratigraphic order, the historical record, and the program OxCal (Ramsey, 2008 (Ramsey, , 2009 (Ramsey, , 2017 Reimer et al., 2013) places the time of the last fault rupture in the Mannonglang trench between 824 and 767 cal yr BP (Fig. 16 and Table 2 ), if the rupture deformed Unit E. This age interval is older than that (785-407 cal yr BP) modeled without the historic constraint. Given the likely open interval of~1000 years and evidence for several events since~3618 cal yr BP, we propose a recurrence interval on the order of 1000 years. On a regional scale, the Jinghong fault shares the behavior of other similar faults on the Shan Plateau by not having generated a recent large rupture. For example, the last rupture along the northeastern Nantinghe fault (with a slip rate of~4 mm/yr, Shi, 2014) (Fig. 1) occurred between 630 and 515 cal yr BP (Sun et al., 2017) . Likewise, the Ruili (He et al., 2014) , Menglian (He et al., 2015) and Dien Bien Phu (Nualkhao et al., 2016) faults, with slip rates of < 2.5 mm/yr (ref. Shi et al., 2018; Wang et al., 2014) , last ruptured~1000 years ago.
5444-4433
With an average earthquake interval of~1000 years and average coseismic slip of 1-3 m for M w~7 -7.5 strike-slip events (e.g., Wells and Coppersmith, 1994; Wesnousky, 2008) as proposed for the Jinghong fault , we calculate a slip rate on the order of 1-3 mm/yr, consistent with the upper bound slip rate of 2.5 ± 0.7 mm/yr estimated from the Manpa site on the central Jinghong fault.
A millennial slip rate of ≤2.5 ± 0.7 mm/yr along the Jinghong fault appears to be comparable to rates averaged over multi-million years and decades. The long-term rates, based on maximum offsets (~11 km) of pluton edges and rivers and inferred onset of the sinistral faulting at either~5 Ma (Lacassin et al., 1998; Wang et al., 2014) or~10 Ma , are~2.2 mm/yr or 1.1 mm/yr, respectively. The GPS velocity (relative to the Sunda block) across the Jinghong fault is inferred to be < 2.4 mm/yr, based on the velocity difference between GPS stations H179 (NW of the Jinghong fault) and H181 (SE of Jinghong fault, Fig. 2 ). This is a maximum because H181 is to very close to, and thus likely includes strain associated with the adjacent Wan Ha fault (also ref. Shi et al. (2018) ).
Conclusions
We map fault traces and fault-displaced geomorphic surfaces by combining field work and high-resolution (0.5-5 m) satellite imagery, AW3D 5-m and UAV-based 0.1-m DSMs to document Late Pleistocene to Holocene offsets that suggest moderate activity on the Jinghong fault over millennial timescales. We use the horizontal offset of the contact between two generations of alluvial fans of ≤18 ± 5 m on the central Jinghong fault and a 14 C-based minimum age (~7250-7025 cal yr BP)
to establish an upper bound slip rate of~2.5 ± 0.7 mm/yr. This millennial slip rate is consistent with those on decadal and million-year timescales. Excavations at three sites near the town of Gelanghe on the northeastern Jinghong fault constrain the timing of the last seismic ground-rupture to 482-889 cal yr BP, and most likely in the narrower window 824-767 cal yr BP, if the historic earthquake record in this region is complete. Moreover, multiple earthquake likely occurred sincẽ 3618 cal yr BP. Together with lack of large earthquakes in the almost 800-year-long Chinese historic literatures in the region, our data suggest an average recurrence interval of seismic ground-ruptures on the order of~1000 years. This recurrence interval is consistent with the slip rate constraint on the Jinghong and activity of other sinistral faults on the Shan Plateau. Fig. 16 . Calibrated 14 C age distributions from conventional ages (light gray) and OxCal-based model ages (dark gray) for the samples and earthquake events. The model is based on historical constraint that no large earthquakes recorded since 1180 CE. Note that GLH-6 is almost certainly too young to be stratigraphically consistent, but the OxCal model assigns its age between GLH-9 and 22.
